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A brief review of the ionospheric D region electron collision frequency information that 
is available from rocket observations and laboratory investigations indicates that the equa- 
tion u m =8.40 X 10 7 p (mm Hg) is accurate within about ± 10 percent in the portion of the 
J) region above 40 km. The results of the cross-modulation experiment at College, Alaska, 
are in agreement with this equation. 



1. Introduction 

The electron collision frequency v in the iono- 
spheric I) region is an important parameter in the 
theory of radio wave absorption and in the theory 
of ionospheric cross modulation, which was discussed 
in the preceding paper [Benson, 1964]. The purpose 
of the present paper is to briefly review the pertinent 
information concerning v that is available from rocket 
observations and laboratory investigations and com- 
pare the results with the determinations of v from 
the ionospheric cross modulation observations at 
College, Alaska. 

2. Laboratory Investigations and Rocket 
Observations 

To obtain reliable electron collision frequency pro- 
files in the ionosphere from rocket experiments, one 
must use the generalized magneto-ionic theory, 
rather than the Appleton-Hartree theory, in the data 
analysis. The electron collision frequency profiles in 
the ionosphere, as determined from rocket data, then 
agree with recent laboratory measurements of the 
electron collision frequencies in nitrogen [Phelps and 
Pack, 1959; Kane, I960]. 

Phelps [1960] discusses the results of laboratory 
measurements of the electron collision frequency in 
nitrogen and oxygen; he also discusses the effect of 
electron collisions with ions and water vapor mole- 
cules. The results of three separate experiments in 
nitrogen are in very good agreement. Of particular 
importance to the present discussion is the work of 
Phelps and Pack [1959] and Pack and Phelps [1961], 
since their measurements extend down to the electron 
energy range appropriate to the ionospheric D re- 
gion. The latter paper gives the best results for N 2 , 
and is thus more suitable for ionospheric applications 
[Phelps, private communication, 1963]. The mo- 
mentum transfer cross section for electrons in N 2 is 
given as 



,=^[ 5 .31X10"- 3 - 15 f 011 } 



enr 



(i) 



1 Present address: NASA— Goddard Space Flight Center, Greenbelt, Md. 



where u = kd is the thermal energy of an electron as- 
sociated with the most probable electron velocity v m 
(k is Boltzmann's constant in eV/°K and is the 
electron temperature in °K). 

For the range of electron energies encountered up 
to at least 70 km in high latitude regions (u> 0.017 
eV, i.e., 0>2OO °K [Stroud, Nordberg, and Bran- 
deen, I960]) the following one term approximation 
for (1) can be used with an error of less than 4 
percent: 
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The electron collision frequency in nitrogen is then 
given by 
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where n(N 2 ) is the nitrogen density in molecules/cm 3 . 
(Note: there is an error in footnote 2a of Phelps 
[1960] which intended to correct the 1960 results so 
as to agree with the 1961 results. This footnote 
should read "The derived electron collision frequen- 
cies are 10 to 12 percent smaller than those given 
in this paper." [Phelps, private communication, 
1963].) In (3), v m refers to the electron collision 
frequency for momentum transfer; in (2) of the pre- 
ceding paper [Benson, 1964], it refers to the elec- 
tron collision frequency for monoenergetic electrons 
of an energy equal to kd; i.e., related to the most 
probable value of the electron speed. No ambiguity 
is introduced if v m represents both of the above 
quantities, i.e., the electron collision frequency for 
momentum transfer for monoenergetic electrons of 
an energy kd; this terminology is equivalent to that 
of Phelps and Pack [1959]. 

In oxygen, for //<().! eV, the appropriate one term 
approximation is 



j, m (^) = 7X10~ 8 //(O 2 )^ cm 3 /sec 



(4) 
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which is consistent with the observations to within 
±10 percent [Phelps, I960]. 

The electron collision frequency of air is obtained 
by adding the electron collision frequency due to 
each of the different components of the air. If only 
the major constituents, nitrogen and oxygen, are 
considered and n(N 2 ) is replaced by 0.7Sn and n(0 2 ) 
is replaced by 0.2172. where n is the total molecular 
density in cm -3 , then from (3) and (4) the one term 
approximation for the electron collision frequency 
in air is 

[v m (u)] alT =1.01Xl0- 7 un sec-^S^OXlO 7 ^ sec" 1 (5) 

where p is the atmospheric pressure expressed in mm 
Hg. The probable error associated with (5) is about 
±10 percent; when the equation is applied to the 
ionospheric D region, however, the probable error 
may be as large as +20 percent, —10 percent in the 
30 to 40 km height range due to the presence of 
water-vapor. 

3. Cross Modulation Observations 

In the above discussion, the ionosphere collision 
frequency profiles obtained from rocket data have 
been mentioned. The method of cross modulation 
can also determine the electron collision frequency 
in the ionosphere. A direct measurement of v can 
be obtained at a fixed height that is determined by 
the frequency of the wanted radio wave. To deter- 
mine this height the reader is referred to the previous 
paper where the expression for the total cross modu- 
lation, observed on the received wanted wave, due 
to a pulse modulated disturbing wave is given as 
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where h is the height of the leading edge of the up- 
ward traveling disturbing pulse and K w is the absorp- 
tion coefficient for the wanted wave. The integrand 

changes sign at the height where v m = w . °^ L > 

where j w is the frequency of the wanted wave and co L 
is the so-called "longitudinal component of the 
angular gyrofrequency of the electrons" [Benson, 
1964]. This height is called the true crossover 
height. The observed crossover height, i.e., that 
value of ho that makes T=0, is greater than the true 
crossover height because it is determined by the 
height where the positive and negative contributions 
of the integrand cancel. The correction factors 
necessary to obtain the true crossover height from 
the observed crossover height can be approximated 
by computing the cross modulation expected for a 
model ionosphere. Under these conditions, the true 
crossover height is known from the initial conditions, 
the observed crossover height is given by the calcu- 
lations, and the correction factor is given by the 
difference between the two. There are uncertainties 
that enter in this procedure, however, in that the 
exact electron density profile N during the time of 



observation is not known and the term Av m in the 
theory of ionospheric cross modulation is uncertain. 
At present, it appears that ionospheric cross modula- 
tion observations in the vicinity of the crossover 
region, i.e., the region where the observed cross modu- 
lation changes sign, agree with the original theory of 
cross modulation of Bailey and Martyn [1934]. The 
crossover point is then only slightly dependent on N 
[Benson, 1964]. This theory was used to determine 
the correction factors for the three crossover points 
(corresponding to three values of 2tJ w ±o) L ) that 
have been observed at College, Alaska. The results 
are given below: 



/ w (Mc/s)* 


Time 


h (T=0) 
(km) 


0) (km)** 


4. 865(E) 
4. 865(0) 
17. 5 


1710 

22 August 1960 

0240 

29 June 1960 

1230 

7 November 1961 


70±4 
57±3 

48±3 


62±5 
51±4 
44±4 



*(0) ordinary component, (E) extraordinary component; 
see Flock and Benson [1961, sec. 3.2] for the first two values 
and Benson [1962] for the last value. 

**These values differ from the values given in the above 
references because a different method of approximating the 
correction factors was used earlier. 

The corresponding values for v m are 

^ m =9.67 X 10 6 sec- 1 at 62±5 km 
p w =1.84 X 10 7 sec- 1 at 51 ±4 km 
^=5.04 X 10 7 sec- 1 at 44 ±4 km. 

The above values are shown in figure 1, together 
with the ionospheric rocket results of Kane [1960] 
and a curve based on the laboratory measurements 
of Pack and Phelps [1961]. This curve follows 
from (5) when the values for the atmospheric 
pressure p are obtained from the November 1956 
daytime Fort Churchill rocket data of Lagow, 
Horowitz, and Ainsworth [1960, fig. 5]. The 
probable error associated with these pressure data 
ranges from ±5 percent at 30 km to ±8 percent at 
80 km. Combining this probable error with the 
probable error associated with (5) gives an overall 
probable error of approximately ±20 percent; this 
probable error is indicated in figure 1 by the shaded 
region above and below the curve representing the 
equation v m =SA0 X 10 7 p(mm Hg). The curve agrees 
(within the probable error) with the rocket data 
points from the November 1956 rocket flight of 
Kane. The collision frequency profile resulting 
from the above equation is in agreement with the 
rocket data points from the July 1957 rocket flight 
of Kane if the July 1957 pressure profile of Lagow, 
Horowitz, and Ainsworth [1960, fig. 5] is used. 
(The July pressure values were considerably higher 
than the November pressure values, for example, 
at 65 km the difference was 45 percent.) 
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Figure 1. Electron collision frequency vei*sus height. 
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July 1957 observation at Ft. Churchill [Kane, I960]. 



I A 1 November 1956 observation at Ft. Churchill [Kane, I960]. 
Cross modulation observations at College, Alaska. 



The solid curve, with probable error indicated, is derived from (5), i.e., p m =8A0 X 10 7 p (mm Kg), which is based on lab- 
oratory results in N2 [Pack and Phelps, 1961], and the pressure values from a November 1956 Ft. Churchill rocket 
flight [Lagow et al. f 1956, fig. 5]. 



The three horizontal lines in .figure I represent the 
values of the electron collision frequency as deter- 
mined from the cross-modulation experiment at 
College, Alaska. The daytime November 1961 
value of v m at 44 ±4 km agrees with the curve which 
is based on (5) and the daytime November 1956 
atmospheric pressure above Fort Churchill, Canada. 

The daytime August 1960 value of v m at 62 ±5 km 
agrees with the daytime July 1957 rocket measure- 
ments of Kane [1960] above Fort Churchill, Canada. 



This value also agrees very well with (5) when the 
July 1957 Fort Churchill pressure values of Lagow 
et al., (1960, fig. 5) are used. 

The 0240, 29 June 1960 value of v m at 51 + 4 km 
cannot be compared directly with the daytime 
November or the daytime July Fort Churchill 
measurements. Rather, it must be considered as 
the appropriate v m corresponding to the atmospheric 
pressure above College, Alaska, at the time of 
observation. 
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In summary, (5), which is based on the laboratory 
studies in N 2 by Pack and Phelps [1961], is in 
agreement with the Fort Churchill, Canada, rocket 
measurements of Kane [I960] and the College, 
Alaska, cross-modulation observations, when the 
appropriate values for the atmospheric pressure are 
used. 
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